Aims/hypothesis The aim of this study was to investigate
Introduction
Negative emotional symptoms such as symptoms of depression or anxiety are more common in diabetic patients than in the non-diabetic population [1] [2] [3] [4] . In spite of patients' anecdotal reports about an association between blood glucose and emotional well-being, the impact of blood glucose on mood is not yet fully understood. Since the first systematic research on this topic [5] , studies only analysed the association between a single spot blood glucose measurement and mood ratings. The novel glucose sensor technology provides new opportunities to study not only the impact of glucose levels on emotional factors in diabetic patients but also (due to the continuous measurement of glucose) the association between mood and glucodynamic parameters such as glucose variability. This study investigated the association of mood symptoms with current glucose level and glucose variability.
Subjects and methods
Type 1 diabetic patients at the Mergentheim diabetes centre were asked if they would participate in a study about the association between glucose values and mood. Patients who gave informed consent were included. The study was approved by the ethics committee.
Measurement of glycaemia
The patients used the Medtronic MiniMed Continuous Glucose Monitoring System (CGMS; Medtronic MiniMed, Northridge, CA, USA). The CGMS allowed only the retrospective analysis of glucose values; thus, except for calibration measurements, the patients were blind to their current glucose level. The CGMS provided a glucose value every 5 min during the monitoring time. To assess the performance of the CGMS, capillary blood glucose was routinely measured six times per day by a standard laboratory measurement (Ebio Photometer; Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). Calibration measurements for the CGMS were also performed according to this laboratory method.
Mood assessment During the CGMS measurement period, patients also used hand-held computers (HHCs) (Psion 3a; Psion plc, London, UK) to record measurement time and complete the UWIST Mood Adjective Checklist (University of Wales Institute of Science and Technology Mood Adjective Checklist) [6] several times. During the valid monitoring time, the participants performed on average 15.7±8.4 mood assessments using this questionnaire. The UWIST Mood Adjective Checklist consists of 28 mood-related adjectives. The subjects had to rate the applicability of each adjective to their present mood as 'definitely', 'slightly', 'slightly not' or 'definitely not'. Responses were scored from 4 for 'definitely' to 1 for 'definitely not'. Four scales, produced by addition of the single-item scores 'hedonic tone' (eight items, scale range 8-32, Cronbach's α=0.90), 'energetic arousal' (eight items, scale range 8-32, Cronbach's α=0.85), 'tension' (seven items, scale range 7-28, Cronbach's α=0.83), and 'anger' (five items, scale range 5-20, Cronbach's α=0.77), demonstrated sufficient internal consistency. The German translation of the UWIST mood checklist was validated in a previous study [7] . After completion of the assessment procedures, data from the CGMS and the HHCs were downloaded to a computer and mood data were assigned to the CGMS data of the same time interval (5 min).
Statistical analysis As parameters representing glucose level, we used the current glucose value during the mood rating and the AUC 60 min prior to the mood rating.
As indicators of glucose variability, the variation coefficient of glucose values during the 60 min prior to the mood ratings and the absolute change of current glucose values from the glucose value 60 min prior to the mood ratings were used. Mood scores were normalised by use of the McCall transformation of the test scores to area-transformed Z values.
To assess the association between mood ratings, glucose level and glucose variability, multilevel regression analyses were performed in which data could be nested within each participant. Dependent variables were the normalised scores of the mood scales. The multilevel regression analyses were controlled for the number of mood ratings, insulin regimen (multiple injection therapy vs continuous subcutaneous insulin infusion [CSII] therapy) and time of day of mood rating (1=06.00-12.00 h; 2=12.00-18.00 h; 3=18.00-00.00 h). Different multilevel regression models were compared with each other using a likelihood ratio test to determine whether associations between mood ratings and glucose levels differed significantly from associations between mood ratings and glucose variability. 
Results
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insulin injections per day).
Sensor performance The sensor performance and course of glucose during the observation period are shown in Table 1 . The accuracy of the glucose sensor measurement compared with the reference glucose measurement is acceptable. But there was a slight negative difference in the hypoglycaemic range, whereas there was a slight positive difference between CGMS and the reference glucose measurement in the hyperglycaemic range. On average, patients had a valid observation time of continuous glucose monitoring of 48.8 h. The patients spent most of their daily observation time (18 h) in a euglycaemic range; only 2.5 and 3.5 h were spent daily in a hypoglycaemic and a hyperglycaemic range, respectively. The mean glucose level was close to that of euglycaemia. In the hypo-and hyperglycaemic ranges, mean glucose values indicated rather moderate hypo-and hyperglycaemia.
Associations between glucose levels and mood Results of the multilevel regression analyses are shown in Table 2 . There were significant negative associations between 'hedonic tone', on the one hand, and current glucose values and the AUC during the 60 min prior to the mood rating, on the other hand. 'Energetic arousal' was significant negatively associated with glucose values. The negative mood state 'tension' showed significant positive associations with the current glucose values and the AUC, whereas the scale 'anger' was not significantly associated. From the magnitude of the association, it seems that the current glucose values have a slightly greater association with mood ratings than the AUC.
Associations between glucose variability and mood Multilevel regression analyses were also performed to assess the association between mood scales and the two parameters of glucose variability. There was no significant association.
Differences between multilevel regression analyses Differences of the associations between mood and glucose levels on the one hand and between mood and glucose variability on the other were tested for significance. The associations between mood and glucose levels (glucose values and AUC) were significantly higher than for mood and glucose variability (variation coefficient and absolute change) in the scales 'tension' and 'hedonic tone.' In the scales 'anger' and 'energetic arousal,' the associations of glucose level with mood were all stronger than the associations between glucose variability and mood, but the differences between the associations failed to reach significance, except for the scale 'energetic arousal.'
Discussion
The accuracy of sensor performance is slightly higher than previous findings regarding the accuracy of needle-type sensors [8] . In spite of a slight overestimation of low glucose values and a slight underestimation of high glucose values it can be assumed that the accuracy of the sensor performance is sufficient in this study. The duration of euglycaemic glucose phases was remarkably longer than normative data of an American (US) sample of type 1 diabetic patients indicated, whereas hyperglycaemic glucose phases lasted a shorter time. Duration of hypoglycaemia was similar to the observations in the US sample [9] .
Higher glucose values were associated primarily with negative mood states. With higher glucose values, feelings of anger and tension increased, whereas positive feelings such as feelings of energy or hedonic tone decreased. This finding strengthens the argument for pursuing near-normal glycaemic control in type 1 diabetic patients.
Since CGMS allows one not only to assess the association between mood ratings and current glucose level but also to study glucodynamic effects on mood, we were also able to compare the associations between glucose level parameters and glucose variability. The relevant data indicated no significant associations between mood ratings and glucose variability. Thus the association between glucose levels and mood states seemed to be more important than that between mood states and glucose variability.
When interpreting the results of this investigation, one should consider possible limitations of the study. The sample size was rather small and the sample consisted of only type 1 diabetic patients. In this study, observed glucose values in the hyperglycaemic range were rather moderate compared with US data [9] . Thus, it cannot be excluded that the observed relationship between hyperglycaemia and negative mood states would have been more pronounced if the degree of hyperglycaemia had been greater.
Although CGMS data were analysed only retrospectively, it cannot be excluded that occasional mood ratings may have been accompanied by glucose self-tests by the patients.
The novelty of this study is that the impacts on mood of both glucose level and glucose variability were assessed simultaneously for the first time. The study results seem to indicate a small but significant negative impact of hyperglycaemia on mood, but a less important effect of glucose variability on mood. Further investigations could pursue the clinically as well as physiologically interesting questions of whether these results can be confirmed in other patient groups and settings and at different degrees of glycaemic control.
